In recent years, our understanding of how eukaryotic gene expression is regulated has been fundamentally changed by the discovery of the RNA interference (RNAi) pathway (11) , whereby small noncoding 20-to 30-nucleotide (nt) RNAs control gene expression at both the transcriptional and posttranscriptional levels (reviewed in references 1, 6, 14, 16, and 17) . The RNAi pathway is an ancient trait of eukaryotes, and it has been demonstrated throughout the eukaryotic lineage from protozoa to humans. However, there are a few notable exceptions: the genomes of the yeast Saccharomyces cerevisiae, of the apicomplexan parasite Plasmodium falciparum, and of the trypanosomatid protozoa Trypanosoma cruzi and Leishmania major are devoid of the genes that are the hallmark of the RNAi pathway (26) . The current evidence suggests that the RNAi mechanism was lost independently several times during eukaryotic evolution.
Genome sequencing of Giardia intestinalis, an intestinal protozoan parasite that is regarded by many as an early divergent eukaryote, reveals the presence of two genes that are central to the RNAi pathway (16) , namely, a member of the Argonaute protein family (accession numbers AY142143 and EAA43025) and a Dicer-like enzyme (accession numbers AY142144 and EAA41574). In addition, a gene with the features of an RNAdependent RNA polymerase (RdRp) has been annotated (accession numbers AF293414 and AAM73688). To gather evidence that G. intestinalis possesses a functional RNAi pathway, we investigated whether small noncoding RNAs are found in Giardia. Towards this end, we generated a library of 20-to 30-nt small RNAs using as starting material size-fractionated RNA derived from Giardia trophozoites. For the construction of the library we essentially followed the protocol previously established in our laboratory for cloning small 20-to 30-nt RNAs from Trypanosoma brucei (8, 25) but with the important modification that the cloning of the small RNAs was directional. This was achieved by ligating the 3Ј ends of the small RNAs to the adaptor RNA oligonucleotide 5ЈP-CUGUAGG AUCCAUCAAU-idT3Ј (DpnII recognition sequence is underlined). Upon digestion of double-stranded (ds) cDNA with the restriction enzyme DpnII, which cleaves on either side of the sequence GATC, a six-nucleotide identification bar code remained attached to the 3Ј end of the small RNA. After cloning, we determined the sequences of the small RNA fragments, which we refer to as tags. The sizes of the tags varied from 20 to 29 nt, with the following distribution: 6% 20 nt, 12% 21 nt, 14% 22 nt, 8% 23 nt, 12% 24 nt, 11% 25 nt, 9% 26 nt, 9% 27 nt, and 14% 28 to 29 nt.
By using the BLAST algorithm, we could identify 403 sequences in the current Giardia genome database ( Table 1) . As with any library made from size-selected RNAs, most tags (74%) were derived from structural RNAs, namely, ribosomal RNAs, tRNAs, and small nuclear RNAs (Table 1) . Seventeen percent of the tags matched with identified open reading frames (ORFs), with putative ORFs, or with putative intergenic regions in proximity to ORFs. The few tags corresponding to annotated ORFs had the sense polarity, and thus were probably derived from degradation fragments of putative mRNAs. In the case of the putative ORFs, strand assignment was uncertain because, in most cases, ORFs were present on both strands where the tags localized. Of note is the fact that 33 tags or 8% of the tags (19 sense and 14 antisense tags) were homologous to the GilT/Genie 1 element (Table 1 and Fig. 1A ), one of three retroposon families that inhabit the Giardia genome (5, 7). Following the nomenclature proposed by Arkhipova and Morrison (5), GilT and GilM elements are non-long terminal repeat retroposons with long open reading frames that have the potential to code for a reverse transcriptase and associated nucleic-acid-binding and restriction-like endonuclease domains. The coding region common to both elements is followed by an unusually long 3Ј untranslated region of about 2 to 3 kb and a poly(A) stretch. In contrast, GilD elements have multiple deletions in the coding region, suggest-ing that they are no longer active. Interestingly, separate arrays of GilT and GilM elements are located at distinct telomeres, and the 5Ј end of the most telomeric element, which is often truncated, is directly fused to the telomeric repeats with the sequence (TAGGG) n . These retroposons, by inserting at chromosome ends, may function to protect telomeres from degradation (5). The protein-coding regions of GilT and GilM elements are about 50% identical (5); thus, the two elements can be easily distinguished at the DNA level. Among the tags we sequenced, we found matches only to the GilT sequences, and it appeared that these tags were distributed relatively uniformly throughout the length of the element ( Fig. 1A ; see also Fig. S1 in the supplemental material), indicating that the entire element is transcribed to generate sense and antisense transcripts. Furthermore, we identified three tags corresponding to transcripts from telomeric repeats with the structure 5Ј(CCCUA) n 3Ј (see Fig. S1 in the supplemental material). This provides evidence that the bottom strand of the telomeric repeats is transcribed. In contrast, even using relaxed parameters for the BLAST sequence comparisons, we did not find tags corresponding to the GilM element. Whether GilM elements are transcribed is at present not known.
To verify the existence of GilT small RNAs, we hybridized a Northern blot of Giardia RNA enriched for small RNAs with a sense GilT-specific probe (Fig. 1B) and detected a species of small RNA of about 30 nt representing antisense transcripts. The same-sized RNA species reacted with an antisense RNA probe (data not shown), confirming that both sense and antisense GilT small RNAs are present in Giardia. The apparent molecular weights of these transcripts corresponded to lengths that were a few nucleotides longer than the lengths of the cloned tags (20 to 29 nt). It is possible that RNAs longer than 30 nt are underrepresented in our library, since we used sizefractionated RNA as a starting material. Alternatively, the GilT small RNAs could have an anomalous electrophoretic mobility due to a high GϩC content. Next, we analyzed the presence of large GilT transcripts in total RNA by conven- tional Northern blotting using GilT sense and antisense probes (Fig. 1C) . The antisense probe revealed three prominent transcripts, one smaller than and two larger than 3,000 nt. These transcripts showed that certain GilT elements are transcribed, possibly to produce mRNAs. Antisense transcripts were also detected, but they appeared heterogeneous in size. Although there was a hybridizing band with a molecular weight similar to that of 28S rRNA, we cannot discount the possibility that there was cross-hybridization with this abundant rRNA. Nevertheless, the results indicate that both sense and antisense GilT transcripts are expressed in Giardia. This was not surprising, considering that sense and antisense transcription has been documented for several Giardia loci (10) . What might be the origin and function of GilT small RNAs? One attractive possibility is that they represent small RNAs analogous to the small interfering RNAs (siRNAs), which are the hallmark of the RNAi pathway and function as guides for triggering degradation of homologous transcripts (9) . Naturally occurring siRNAs are thought to originate from long dsRNAs and are enriched in sequences derived from both strands of repeated-sequence families, including retroposons, transposons, and other repeats (2-4, 8, 12, 15, 20, 22, 29) . Since these repeated-sequence families are often associated with heterochromatic regions, the corresponding siRNAs are likely to function in guiding heterochromatin formation, as first revealed by studies with Schizosaccharomyces pombe (18, 27, 28) . In addition, in certain instances, the ablation of the RNAi pathway can lead to transposon mobilization (13, 22, 24) and often results in the upregulation of transcripts from mobile elements and other repeats (4, 21, 23) . The cleavage of these transcripts triggered by the homologous siRNAs would inhibit movement of the corresponding elements, thus aiding in the maintenance of genome integrity (19) . In the case of Giardia, we hypothesize that long sense and antisense GilT transcripts anneal to form dsRNA or are converted by the Giardia RdRplike enzyme into dsRNA, which would then be cleaved by the Giardia Dicer-like enzyme to produce the small sense and antisense RNAs we have documented by cloning and Northern analysis. By analogy with the function of repeat-derived siRNAs in other systems, GilT small RNAs may assist in silencing expression of the corresponding retroposon transcripts to inhibit retroposition and/or function in heterochromatin formation at those telomeres where GilT elements reside. In the latter case, telomeric silencing of GilT elements might spread to genes that are upstream from GilT elements, thus affecting their expression. Once the sequences of the Giardia subtelomeric genes are known, it will become possible to analyze whether these genes have any special expression features.
